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circadian clock and transcription on the repair of
cisplatin-DNA adducts in the mouse liver
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Cisplatin is the most commonly used chemotherapeutic drug
for managing solid tumors. However, toxicity and the innate or
acquired resistance of cancer cells to the drug limit its useful-
ness. Cisplatin kills cells by forming cisplatin-DNA adducts,
most commonly the Pt-d(GpG) diadduct. We recently showed
that, in mice, repair of this adduct 2 h following injection is
controlled by two circadian programs. 1) The circadian clock
controls transcription of 2000 genes in liver and, via transcrip-
tion-directed repair, controls repair of the transcribed strand
(TS) of these genes in a rhythmic fashion unique to each gene’s
phase of transcription. 2) The excision repair activity itself is
controlled by the circadian clock with a single phase at which the
repair of the nontranscribed strand (NTS) and the rest of the
genome takes place. Here, we followed the repair kinetic for long
periods genome-wide both globally and at single nucleotide res-
olution by the Excision Repair-sequencing (XR-seq) method to
better understand cisplatin DNA damage and repair. We find
that transcription-driven repair is nearly complete after 2 days,
whereas weeks are required for repair of the NTS and the rest of
the genome. TS repair oscillates in rhythmically expressed genes
up to 2 days post injection, and in all expressed genes, we see a
trend in TS repair with time from the 5’ to 3’ end. These findings
help to understand the circadian- and transcription-dependent
and -independent control of repair in response to cisplatin, and
should aid in designing cisplatin chemotherapy regimens with
improved therapeutic indexes.

Circadian rhythmicity of metabolic processes significantly
impacts physiology and behavior (1). As a notable example, in
mice, excision repair of DNA damage is rhythmic, and daily
variations in repair activity are associated with daily variations
in sensitivity to UV-induced skin cancer (2, 3). The molecular
basis for the circadian clock is a transcription-translation feed-
back loop in which transcription of clock-controlled genes is
activated by BMAL1-CLOCK heterodimers binding to E-box

This work was supported by National Institutes of Health Grants GM118102
and ES027255 (to A. S.). The authors declare that they have no conflicts of
interest with the contents of this article. The content is solely the respon-
sibility of the authors and does not necessarily represent the official views
of the National Institutes of Health.

The raw data and alignment data have been deposited in the Gene Expression
Omnibus under accession numbers GSE132002 and GSE132993.

"To whom correspondence should be addressed. E-mail: aziz_sancar@
med.unc.edu.

11960 J. Biol. Chem. (2019) 294(32) 11960-11968

elements in their promoters. Crys (Cryl and Cry2) and Pers
(PerI and Per?2) are clock-controlled, core clock genes and PER
and CRY proteins inhibit BMAL1-CLOCK and rhythmically
repress transcription of their own and other clock-controlled
genes. The processes of CRY and PER protein degradation, syn-
thesis, and nuclear transport contribute to the 24-h periodicity
of this loop. Secondary transcriptional feedback control loops
stabilize the clock, and different circadian-controlled genes
have different sets of regulatory elements that fine-tune their
expression in a tissue- and time of day—specific manner (1).
Chronotherapy, the timed administration of drugs, takes
advantage of circadian variations in therapeutic ratio exhibited
by some drugs. It is possible that platinating anticancer drugs
exhibit circadian variations in therapeutic ratio because these
drugs kill cells by binding to DNA, excision repair is the sole
mechanism for repairing platinated DNA (4-6), and excision
repair of DNA is controlled by the circadian clock. To investi-
gate this possibility, we have been using the XR-seq® method
(7-9) which allows us to map, across an entire genome, at single
nucleotide resolution, where excision repair has occurred
among a population of cells. We have applied this method to
cells of different organisms (10—12), and recently we adapted
XR-seq to mice, where we found two main circadian programs
of repair (13, 14). First, basal nucleotide excision repair activity
exhibits a single peak at about ZT 8 10 (ZT = 0 is time of lights
on and ZT = 12 is lights off under 12 h light:12 h dark condi-
tions) which is associated with a corresponding rhythmic oscil-
lation of the XPA excision repair factor (2, 3). This program
controls repair of the nontranscribed strand (NTS) of genes,
weakly and nontranscribed genes, and intergenic regions. In
addition to the basal repair pathway is a highly efficient tran-
scription-coupled excision repair pathway which utilizes basal
repair proteins to remove transcription-blocking lesions from
the transcribed/template strand (TS) of active genes (15). In
constitutively expressed genes, TS repair is greater than NTS
repair, and the relative TS repair of a given gene reflects its
transcription activity. Interestingly, circadian-controlled genes
exhibit peak and trough TS repair levels that occur at times of
day specific to each gene, although most rhythmic genes exhibit

2 The abbreviations used are: XR-seq, Excision Repair-sequencing; NTS, non-
transcribed strand; TS, transcribed/template strand; RNAP, RNA polymer-
ase; TSS, transcription start site; TCR, transcription-coupled repair; ssDNA,
single-stranded DNA; RPKM, reads per kilobase pairs per million; ZT, zeit-
geber time; TES, transcription end site; Pt, platinum.
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Experimental design
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Figure 1. Experimental design. Cisplatin was injected intraperitoneally at ZT20 (3:00 a.m.) and at the indicated times (hours post injection and ZT) mice were
sacrificed and livers were harvested for Pt-d(GpG) adduct level measurements and high-resolution genomic repair mapping. For the first 2 days sampling was
done every 4 h except the first time point (2 h after injection). Thereafter sampling was done 4, 8, and 10 days after injection as indicated, and at 5-day intervals
thereafter until day 70 (not shown). Triangle colors represent different zeitgeber times: ZTO, yellow; ZT4, orange; ZT8, pink; ZT12, green; ZT16, purple; ZT20, red;

ZT22, blue.

apeak around pre-dawn or pre-dusk (1). In this repair program,
each gene-specific repair pattern parallels the corresponding
gene-specific circadian transcription pattern as determined by
methods such as NET-seq and GRO-seq (16 —18). Interestingly,
as a consequence of these two circadian programs, in many
circadian genes the peak and trough repair times are different
for the TS and NTS. The data in this study were obtained by
injecting cisplatin at 4-h intervals over the course of a day, and
sampling liver 2 h after each injection. Although useful, this
setup does not replicate or characterize the clinical treatment
scenario.

In clinical oncology, cisplatin is given repeatedly, at 1- to
2-week intervals to allow the patient to recover from side effects
before the following dose (19-22). With this consideration,
then, we decided to investigate the repair patterns and kinetics
of cisplatin damage in mouse liver for a period of 70 days fol-
lowing a single dose, using both slot blot to measure total repair
trend and XR-seq to obtain a high-resolution dynamic map of
repair and to understand how the two parameters, circadian
clock and transcription, affect the repair pattern over the
course of days following drug administration. Interestingly, we
observe transcription-driven, rhythmic repair in the TS for 2
days post-injection, indicating that the circadian clock (tran-
scription-translation feedback loop) persists following DNA
damage. We also observe a clock-independent progression of
TS repair, with time, from the 5’ to the 3’ end of genes. Tran-
scription-coupled repair is complete by about 2 days, at which
point repair of the NTS and the remainder of the genome
becomes dominant and persists until it approaches the limit of
detection at 70 days.

Results

To follow the Pt-d(Gp@G) repair pattern over a 10-day period,
59 mice were injected with cisplatin (10 mg/kg) at ZT20 (3:00
a.m.) on day 1 (Fig. 1), and for the first 2 days afterward 3 mice
were sacrificed at 4-h intervals, their livers were harvested, and
Pt-d(GpG) repair was quantified by slot blot and XR-seq. For
the remaining mice, 6 to 8 per time point were sacrificed at 4, 8,
and 10 days after cisplatin injection and were processed like-
wise. An additional 12 mice were injected with cisplatin on day
1, as above, and livers were harvested for slot blot analysis at
5-day intervals from day 15 to day 70. Insufficient material was
available for XR-seq analysis of samples obtained later than 10
days after injection.
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A fairly comprehensive view of repair can be obtained by
using the slot blot and XR-seq methods together (9). The slot
blot method measures the total amount of damage throughout
the genome using an anti—Pt-d(GpG)-DNA antibody. Loss of
immunoreactivity in DNA with time is an indirect measure of
repair. In XR-seq, Pt-adducted DNA, removed from the
genome by excision repair in the form of predominantly 26 to
27 base oligonucleotides, is purified from tissues at various
times after injection. These excision products are processed for
next generation sequencing, and the sequences are mapped to
the genome to identify where repair has occurred. Of note, the
excision products are degraded within cells at the same time
they are generated. Therefore, whereas the slot blot measures
cumulative repair with time, XR-seq provides a “snapshot” of
where repair has occurred at the time of sampling.

Overall genome repair kinetics

Slot blot analysis of total damage and repair in liver is shown
in Fig. 2. The data show that adducts reach their highest level
2 h after injection. Importantly, after a relatively rapid repair
rate, repair proceeds at a slower rate from about 2 days on until
adduct levels reach the limit of detectability at 30 to 70 days in
agreement with previous studies using the same mAb for quan-
tifying cisplatin adducts by immunostaining (23).

Genome-wide repair kinetics at single nucleotide resolution

The analysis of total genomic repair, although informative,
does not provide insight about the potential significance of the
early and late repaired regions and the effect of differential gene
expression on repair and survival. XR-seq, which reveals repair
genome-wide and at single nucleotide resolution, is ideally
suited for this purpose. Fig. 3 shows XR-seq data from 2 h to 10
days for three constitutively expressed genes, a housekeeping
gene (Dhfr), a gene adjacent to Dhfr but transcribed in the
opposite direction, the mismatch repair gene Msh3, and the
checkpoint gene Atr. Shown in Fig. 4 are the XR-seq data for
two rhythmic genes, the circadian clock gene Npas2 and the
clock-controlled gene Dpb (1). The screenshots in Figs. 3 and 4
show the distribution of repair across each of these genes at
selected times, and the graphs plot quantitative levels of TS and
NTS repair for each gene as a function of repair time. Several
points emerge from this figure. First, for the constitutively
expressed Msh3, Dhfr, and Atr, TS repair strongly dominates
over NTS repair for the first 8 h following injection. Only after
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Figure 2. Overall Pt-d(GpG) adduct removal from the genome. Cisplatin was injected into three mice per time point. Following cisplatin injection at the

indicated time points, DNA was isolated from liver and the Pt-d(GpG) adduct

levels were estimated by slot blot. A, left panel, schematic of time points. Right

panel, slot blot for Pt-d(GpG), and slot blot for ssDNA of the samples assayed for Pt-d(GpG). B, bottom panel, quantitative analysis of data of top panel’s right and

a technical replicate. Error bars indicate S.E. PBS, no drug control.

24 to 48 h does NTS repair approach the level of TS repair in
these three genes. This is because at early time points the TS
repair, which proceeds at a faster rate (15), depletes most of the
damage in the TS such that at later time points the amount of
damage in the TS is so low that the repair of the remaining
adducts by TCR is comparable with the repair of NTS adducts
which remain at a high level. Eventually the TS is depleted of
damage by the efficient coupled repair pathway so that after
48 h, global repair of the NTS predominates in these genes.
Interestingly, there appears to be a modest TS repair peak in
these genes at approximately 24 to 36 hours post-injection (Fig.
3). These modest peaks may reflect oscillation in basal repair
superimposed upon the much stronger TCR signal.

Compared with the constitutively expressed genes, the repair
patterns seen in the TS of the rhythmic Npas2 and Dbp genes
(Fig. 4) are quite striking. The constitutively expressed genes
exhibit peaks in TS repair shortly following injection that grad-
ually decrease. In contrast, TS repair in Npas2 abruptly
decreases to the NTS level by 12 h post injection (ZT8). This
relatively abrupt decrease reflects two processes. First is the
abrupt inhibition of Npas2 transcription, which exhibits a nadir
at ZT6 to ZT18 and a peak at ZT22 (16). Secondly, during each

11962 J Biol. Chem. (2019) 294(32) 11960-11968

round of transcription-coupled repair, the polymerase blocked
by the adduct is removed from the template (24 —27). Thus, by
12 to 20 h post injection, transcription initiation is stopped by
the clock, and polymerases having engaged in transcription-
coupled repair are dissociated, leaving the template polymer-
ase-free. However, TS repair of the Npas2 gene is incomplete at
20 h, as multiple lesions per TS in long genes are expected,
based upon estimates of one Pt adduct per 4000 bp in liver
under the treatment condition we used (23). Thus, when the
clock initiates a new wave of Npas2 transcription at ~24 h post
injection (ZT20), there is an associated transcription-coupled
TS repair peak at 24 to 28 h. A following wave of transcription-
coupled repair peaking at 48 h completes T'S repair, and there-
after, NTS repair dominates. Other large genes also demon-
strate two waves of transcription-coupled repair. However,
here we wished to demonstrate the effect of transcription phase
in repair pattern by choosing Dbp (Fig. 4), which is transcribed
anti-phase to Npas2. As seen in Fig. 4, bottom, in contrast to
Npas2, the first TS repair peak of Dbp is at ZT08 (10 h separated
from the ZT22 peak of Npas2) (16). The second Dbp TS repair
peak is barely discernible because in this small gene, by the
second circadian cycle most of the TS repair is complete.
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Figure 3. XR-seq analysis of repair in constitutively expressed genes. Screenshots illustrate the distribution of repair across the two strands of select genes
atdifferent times following injection of cisplatin at ZT20 (0 h). The screenshots show repair in three highly transcribed housekeeping genes that are transcribed
in different directions. For Msh3, the (+) strand; Dhfr, the (—) strand; and for Atr the (=) strand is the transcribed strand (TS). Plus strand repair is in black and
minus strand is in green. Plots to the right of each panel illustrate quantitative values for repair of the TS and NTS for each gene at select time points. Note that
although at early time points the TS repair dominates for the housekeeping genes, thereafter, TS repair gradually decreases and by 48 h, the NTS becomes the
main source of repair products because of the depletion of damage in the TS as a consequence of highly efficient TCR. NTS and TS repair levels are plotted as

number of repair reads per thousand bp per million mapped reads (RPKM).

Polarity of cisplatin repair in mouse genes

An earlier XR-seq kinetic study in yeast demonstrated a
trend in progression of TS repair from the 5’ to the 3’ end with
time. This scenario is consistent with an underlying process of
repetitive cycles of removal of RNAP from the template with
each repair event followed by transcription initiation at the pro-
moter and then blockage and repair as adducts are successively
removed in the 5" to 3’ direction (26 —31). We analyzed our data
to see if such a polarity existed in mice by plotting, at each time
point, the average repair distribution in the TS of transcription-
ally active genes. Genes over 100 kbp in length which are more
likely to have multiple damages per TS were used in the analysis
(32). The results in Fig. 5 do in fact show polarity in repair as a
trend. Starting at the earliest (2 h) time point, gene-wide, there
is greater repair toward the 5’ end compared with the 3’ end,
that s, the TS repair level slopes downward across the unit gene
body. Thereafter, with time, there is a concurrent decrease in
TS repair at the 5’ end, and increase toward the 3’ end. Also,

SASBMB

with the time, the overall repair level of the TS decreases (note
the y axis scale at each time) as T'S repair nears completion and
repair shifts to other regions of the genome. In contrast to the
polarity exhibited by the TS, after 48 h NTS repair rather uni-
formly increases from an initial low level, and after 48 h the NTS
repair becomes predominant over TS repair.

Among the factors contributing to polarity in TS repair is the
high density of RNAPII normally present at the promoter
region and immediately downstream (8, 33-35). Evidence for
this population in our data is seen as a strong peak in repair near
the transcription start site (TSS) in Fig. 5; this peak has been
commonly observed in XR-seq studies. Thus, when Pt-DNA
adducts are formed, polymerases at the promoter and the less
densely populated gene body elongate, become blocked, medi-
ate coupled repair (with more repair events near the promoter),
and are released. Thereafter, in succession, newly initiating
polymerases engage in coupled repair and are released (29 -31),
so that damage at the 3’ end is repaired last.

J. Biol. Chem. (2019) 294(32) 1196011968 11963
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Figure 4. XR-seq analysis of repair in circadian-controlled genes. The screenshots show repair profiles for two circadian-controlled genes, Npas2, which has
a peak expression at ZT22, and Dbp, which peaks at ZT10. Plots to the right of each panel illustrate quantitative values for repair of the TS and NTS for each gene
at select time points. Repair in the rhythmic Npas2 exhibits high amplitude TS (—) strand repair peaks at 2 h, ~24 h, and ~48 h after drug injection. Only after
48 h does the NTS becomes the main source of repair product from Npas2. In the clock-controlled Dbp gene, the TS (—) strand repair exhibits peaks at ~12 h

and ~32 h after drug injection.

The NTS also exhibits a peak in repair near the TSS,
but the NTS exhibits no polarity in repair. This peak, com-
monly observed in XR-seq studies, results from antisense
transcription (8, 33-35) which progresses away from the
gene body. The NTS is primarily repaired by the global repair
program.

Interestingly, the polarity in repair reported here was seen
at only modest levels in XR-seq studies of repair of UV and
cisplatin damage in cultured human cells (8, 33). This is
because of several factors. Among these, mouse tissues
exhibit relatively strong, readily detected transcription cou-
pled repair. Also, we focused our analysis on long genes, to
enrich in genes with multiple adducts per TS. Notably, the
polarity was absent when genes from our dataset 10 kbp and
shorter were analyzed.

TS and global repair kinetics

To quantitatively compare the levels of transcription-depen-
dent and -independent repair in liver, we analyzed separately
the fraction of repair originating from the TS of genes, and the

11964 J Biol. Chem. (2019) 294(32) 11960-11968

fraction originating from the remainder of the genome (i.e. the
NTS of genes and intergenic DNA). Results are shown in Fig. 6.
Although the TS constitutes a small fraction (about 16%) of the
genome, in the first 2 h following drug injection about 70% of
repair in liver is in the TS of active genes. Only after 8 h do the
contributions of the two modes of repair intersect, and the non-
transcribed/intergenic repair gradually becomes the dominant
form such that by 10 days post injection it constitutes about
80% of the repair products. The expectation is that because
transcription-coupled repair is nearly complete after 48 h, the
contribution of TS repair to total repair at 48 h would be close to
or below the value of 16%, the approximate percent of the
genome that is TS. Many of the genes included in the analysis
are in fact not or weakly transcribed, and repair of the TS of
these genes by the global repair pathway would make the overall
value of %TS repair closer to 16%, whereas more complete TS
repair would make the %TS repair less than 16%. On the other
hand, to the extent that repair products from repetitive
sequences cannot be annotated, the genome size is effectively
reduced and the effective percent of the genome that is TS is
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Figure 5. Polarity in repair of the TS of expressed genes. At each time point a graph plots average repair reads as average RPKM (y axis) along the length of
a “unit gene” representing all transcribed genes longer than 100 kbp (x axis). The unit gene is 200 bins in length, and values for average repair were obtained
by dividing each of the >100 kpb active genes into 200 bins and averaging the repair values for each successive bin from 1 to 200. The downward sloping blue
line (TS repair) across the unit gene body at 2 h indicates more repair toward the 5’ end. Thereafter, the TS repair line flattens (4 h) and then slopes upward
starting at 8 h, indicating more repair at the 3’ end. After 4 h, overall TS repair decreases (note y axis scales) and after 8 h it slowly flattens. By 48 h, TS repair lacks
polarity and continues to decrease, in contrast to NTS repair which increases without polarity. Interestingly, RNAPII is known to be present at high concentra-
tion in the promoter region, and this leads to peaks in both sense strand and antisense strand transcription-coupled repair near the TSS (8, 33-35). Also
contributing to these repair peaks, there is an ~2-fold increased level of cisplatin damage in the promoter region because of an increased concentration of the
GpG sequence, which is the primary target of cisplatin. Similarly, a dip in repair near the transcription end site (TES) is associated with fewer Pt adducts and

fewer GpG sequences (8).

increased. Thus, the observed value of about 20% is reasonably
close to expectation.

In this study, it was not possible to monitor basal repair
rhythmicity as done previously. In our prior study, the basal
repair rhythmicity was not large, but it was detected among
mice which were sampled 2 h after each injection (13). In the
present study, with sampling of mice for increasing periods fol-
lowing injection, and also with the transition in repair from TS
to NTS with time, significant increases in the NTS and global
repair signals were produced to the extent that they dwarfed
and rendered undetectable any expected circadian variations in
global repair from one ZT to the next. We note that modest
peaks in TS repair, evident in the data for Msh3, Dhfr, and Atr
(Fig. 3), are suggestive of global repair rhythmicity.

SASBMB

Discussion

This work was undertaken to understand the repair of cispla-
tin-DNA adducts under conditions approximating the clinical
setting and thus to help improve the optimal drug delivery reg-
imen. Our results have, in fact, helped address this issue as well
as certain questions related to circadian and transcriptional
control of nucleotide excision repair in mammalian organisms.

First, our data, obtained by slot blot with anti—cisplatin-
d(GpG) antibodies, showed that it takes 4—5 weeks for com-
plete removal of Pt-DNA adducts from the genome which is in
agreement with a previous report on Pt-DNA adduct repair as
probed by immunostaining (23). However, high-resolution
mapping by XR-seq shows that for genes transcribed with mod-
erate to high efficiency, TS repair is 90% complete for most
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Figure 6. Genome-level analysis of the contributions of TS repair and
genomic repair as a function of time after cisplatin injection. For the first
~8 h, TS repair dominates, thereafter global genomic repair becomes pre-
dominant and continues for at least 10 days.

genes in 48 h and virtually complete in 10 days. This finding
may have some practical consequences: For normal nonprolif-
erating tissues the transcription-blocking harmful cisplatin
lesions are essentially eliminated in 48 h whereas the damage in
the NTS remains for much longer time. Although these adducts
in the NTS may be harmless for nonreplicating tissues, they
have the potential to cause cell death of proliferating tumor
cells by causing replication fork catastrophe and apoptosis.
Naturally, these harmful effects will also impact proliferating
normal tissues (skin, alimentary tract, bone marrow) but with
judicial dosing regimens this negative impact can be minimized
(36, 37).

Second, our data reveal an interesting aspect of the circadian
clock on repair: As reported previously (13), the circadian clock
controls excision repair of the TS of clock-controlled genes
through its effect on transcription, and the magnitude of this
effect is proportional to the transcription rate. In addition, the
clock also controls the basal excision repair activity through its
control of XPA expression, which peaks at ZT8-10 (2, 3). This
is responsible for the peak excision repair of NTS of all genes
and of both strands of all nontranscribed genes. The effect of
transcription on repair of the TS is so strong that the more
modest effect of repair oscillation on TS repair makes only a
minor ripple which is undetectable in the genome-wide analysis
of repair profiles (13). In the present study, we inspected the
repair profile of genes that are >100 kbp and highly expressed
at the single gene level to gain a more detailed view of the clock-
transcription joint effect on repair. For clock-controlled genes
such as Npas2, the TS repair, which is at its zenith at 2 h after
cisplatin injection at ZT20 (because transcription of Npas2
peaks at ZT22), drops precipitously to the NTS level within 10 h
after cisplatin injection because, as dictated by the clock, tran-
scription is at its nadir at this time point (16). However, as
expected for a clock-controlled gene, a second and third wave of
transcription cycles 24 h apart produce new peaks of TS repair
relative to NTS repair. After the third circadian cycle, the repair
of the TS is nearly complete such that for the remaining time
the NTS repair becomes dominant.

Interestingly, even though at the genome level of analysis, we
could not observe the effect of the global repair activity oscilla-
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tion (peak at ZT8-10) on the TS when we analyzed individual
noncircadian genes of relatively large sizes (~40 kbp—150 kbp),
we did observe minor circadian peaks superimposed on the
major TS repair signal for one to two cycles that are mostly
likely caused by the effect of repair oscillation on TS repair in
these transcriptionally nonoscillating genes. Indeed, in com-
paring Npas2 TS repair oscillatory peaks with those of noncir-
cadian Msh3, Dhfr, and Atr, it is apparent that whereas the TS
repair of Npas2 goes below that of NTS because of transcrip-
tional shut-off at the end of the first circadian cycle after cispla-
tin injection, for the nonoscillating genes TS repair always
remains above the NTS until 48 h post cisplatin injection when
depletion of damage of the TS results in NTS" becoming the
major source of repair after this time point.

Third, analysis of TS and NTS repair of 1418 genes of size
>100 kbp so as to have sufficient damage within the transcrip-
tion unit enabled us to address a long-standing question in the
field of mammalian transcription-coupled repair (TCR): The
fate of RNAPII following TCR at the first encounter with dam-
age in the transcribed strand. The following models have been
proposed: RNAPII backs up from the damage site to allow
repair without releasing the transcript and following repair it
continues to elongate the uninterrupted transcript (15, 38); it
remains bound at the damage site, allowing repair to take place
(39-42) whereas repair elsewhere is inhibited by chromatin
structure (43); it may recruit Cockayne syndrome group B pro-
tein which assists the excision repair complex to assemble
rapidly without Xeroderma pigmentosum, complementation
group C protein (44 —46) and carry out the dual incision upon
addition of Cockayne syndrome group A protein (47), following
which RNAPII along with the truncated transcript may be dis-
sociated or be ubiquitylated and degraded (24 -27, 48).

We find that time course analysis of repair patterns of these
>100 kbp genes reveals an interesting pattern: At early time
points (0-2 h), repair is dominated by TS repair and the TS
repair exhibits a 5’ to 3" downward slope. At 4 h post damage,
the TS repair profile is flat, meaning the 5’ and 3’ halves are
repaired with equal efficiencies but still much more efficiently
than the NTS. From 8 —24 h the 3’ side of the genes becomes the
predominant repair region of the TS while maintaining the
preferential repair over the NTS. By 36 —48 h, the TS and NTS
repair are about equal and at the same level throughout the
gene. By day 4 following cisplatin administration, the NTS
repair becomes the predominant repair mode because by this
time the TS is largely depleted of damage. We believe these data
are consistent with and in support of the model positing that
stalled RNAPII initiates TCR at the damage site, and concom-
itant with or following the repair reaction it is discarded along
with the truncated RNA (26-31). Whether the RNAPII is
degraded or not we cannot tell. All other models that predict
continuation of the original transcript following removal of the
blocking lesion are not consistent with the observation of the
repair gradients with opposite slopes we observe as a function
of time of repair of the TS.

Finally, from a clinical standpoint, we wish to point to the
following. The total analysis of cisplatin repair in the TS versus
rest of genome (NTS, both strands of nontranscribed genes,
intergenic regions, rTDNA genes) reveals that although for the
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first 48 h following drug injection TS repair dominates, after
that the transcription-independent repair becomes the domi-
nant form of repair, and this fact should be considered in vari-
ous strategies of assessing cisplatin treatment or the develop-
ment and application of novel platinum-based drugs.

Experimental procedures
Mice

WT C57Bl/6] female mice age 3 to 6 months were used. They
were purchased from The Jackson Laboratory or bred in house
and were maintained in a 12-h light, 12-h dark environment
and fed ad libitum. Mice were used according to guidelines of
the National Institutes of Health and studies were approved by
the Institutional Animal Care and Use Committee at the Uni-
versity of North Carolina at Chapel Hill.

Cisplatin at 1 mg/ml with NaCl at 9 mg/ml was from Frese-
nius Kabi Pharmaceutical Company. A population of mice was
injected intraperitoneally to give 10 mg drug/kg at ZT20, or 4 h
before lights on. After predetermined repair times lasting up to
70 days, mice were euthanized by asphyxiation with CO,,. Liver
was isolated, homogenized, and centrifuged as described previ-
ously (13). The supernatant obtained by pelleting the chroma-
tin fraction contains the oligonucleotide products of excision
repair, and this supernatant (13) was used for our XR-seq anal-
ysis. The pellet, which contains the remainder of the genome,
was used in this study for slot blot analysis to determine adduct
levels. The experiment was repeated with a second population
of mice so that all XR-seq data represent results of two inde-
pendent experiments.

Slot blot

For slot blot analysis, DNA was purified from pellets using
the QIAamp DNA Mini Kit (51306), then was mixed with 4 ul
RNase A (Sigma, R4642) and incubated for ~1 h at room tem-
perature. Samples were then purified using the QIAquick PCR
Purification Kit (28106) and dsDNA concentrations were
determined using a Qubit 3.0 Fluorometer. Samples were
diluted to 150 ng in 250 ul of 0.1 mM Tris, pH 8.0, heat dena-
tured, cooled quickly in ice water, and mixed with an equal
volume of cold ammonium acetate (2.0 M). Samples were then
applied to a slot blot apparatus to bind DNA to nitrocellulose
(GE Healthcare Hybond ECL RPN303D). Membranes were
then baked for 2 h at 80 °C in a vacuum oven, blocked with a
solution containing 5% nonfat dried milk, and probed for Pt-
d(GpG) adducts with a 1:10000 dilution of antibody from
Abcam (ab-103261). Membranes were then stripped for 45 min
at room temperature and reprobed with a 1:6000 dilution of
antibody from Millipore Sigma (MAB3034) specific for ssDNA,
as a control to determine the amount of DNA bound to the
membrane. Immunoreactivity was detected using Bio-Rad
Clarity reagents to detect horseradish peroxidase—linked sec-
ondary antibodies, and images were captured using a Bio-Rad
ChemiDoc XRS imaging device and were quantified digitally
using Image]. Values obtained for amount of cisplatin detected
at each time point were corrected using corresponding values
obtained for ssDNA detected at each time point to determine
ratios of cisplatin/DNA, which are presented.
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Sequence and XR-seq data processing

At least 5 million unique mapped reads were obtained for
each sample. Analysis of sequencing reads and data visualiza-
tion were as described previously (13). For plotting average
repair profiles as a unit gene, we chose the genes with length
>100 kbp and reads per kilobase pairs per million (RPKM) >
0.1 at cisplatin injection times after 2 h. With these criteria, the
total number of genes selected was 1418. Each gene was evenly
divided into 200 bins from the TSS to the transcription end site
(TES), and for each bin, from first to last, an average value for
each of the 1418 genes was obtained and plotted. The y axis
average RPKM for each bin was plotted with R.

For genome-level analysis in Fig. 6, we used the annotated
genes (based on the UCSC Genome Browser (http://genome.
ucsc.edu) (49)).> At each time point, reads mapping to the TS of
these genes was divided by the total genomic reads to obtain the
percent repair in the TS. Percent repair in the remainder of the
genome was obtained by subtracting the percent repair in the
TS from 100%.

Author contributions—Y. Y. and Z. L. data curation; Y. Y. software;
Y.Y. and Z. L. formal analysis; Y. Y., C.P.S., and A. S. writing-
original draft; Y. Y., Z. L., C.P. S,, and A. S. writing-review and
editing; C. P. S. project administration; A. S. funding acquisition;
A. S. investigation.
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